Retrofitting is widely explored as one of the energy conserving opportunities for existing buildings, in which both passive and active solutions are carefully evaluated. However, when different retrofitting solutions are combined and applied to a building, the total energy savings potential, which is less than the sum of the savings from applying the various individual retrofitting solutions, is considerably reduced and the synergies among the various technologies need to be understood and evaluated. In this study, the concept of utilizability is employed for the analysis of multiple energy retrofitting solutions in buildings and is defined as the ratio of energy savings derived from applying combined solutions to a building over the sum of individual energy savings from applying individual solutions. It is aimed at providing a better understanding of the combined retrofitting solutions. The sensitivity analysis on the utilizability value further provides a selection criterion for retrofitting solution selection.
Introduction
Building sector is responsible for about 40% of the total energy consumption and the global demand is expected to grow in the next few decades (BPIE 2015) . Between the year of 2010 and 2050, energy demand for heating and cooling over the world is expected to increase by 79% in residential buildings and 84% in commercial buildings (BPIE 2015) .
Retrofitting has been widely studied to improve building energy efficiency and reduce the energy demand. Maintenance, new technologies and occupancy variations need to be continually taken into account through the upgrading of existing buildings. It not only helps to reduce the energy consumption, it is also an optimal solution for provide people a better community and indoor environment. Hence, different aspects including both the technology and occupancy demand control strategies have been investigated in detail, such as passive solutions: insulation materials (Aktacir et al. 2010) ; phase change materials (Pasupathy et al. 2008; Kuznik et al. 2011); interventions (de Santoli et al. 2016) ; green roof and green facades (Jim 2014) ; glazing (Özkan, Onan 2011) ; facade design (Sozer 2010) ; and cool roof (Akbari et al. 2006) , etc. The main purpose of these passive solutions is to make utilization of passive environmental solutions to saving energy possible (Güçyeter, Günaydın 2012; Wong, Li 2007; Chua et al. 2013) . Other than these, active solutions on the system side such as smart windows (Sabry et al. 2014) , heat pumps (Bianco et al. 2017) , and chilled beams (Nelson et al. 2016) . Occupancy demand driven controls, such as CO2 based demand control ventilation (Yang et al. 2016a) , occupancy state transitions based set point optimization (Yang, Becerik-Gerber 2017) , occupancy diversity based HVAC system energy efficiency (Yang et al. 2016b) have been investigated and implemented to save energy consumption in buildings. As reported in Todorovic and Ecim (2010) , there is a strong interest and demand for feasible methods where energy savings can be reached by combining those passive strategies with active energy saving systems. It is, therefore, necessary to exploit the combination potential of available technologies and systems in buildings.
Previous studies, which integrate both passive and active designs into a building retrofit intervention to minimize the energy demand and maximize the energy efficiency, have demonstrated that more than 50% reduction of the total cooling and heating load can be achieved (Nazi et al. 2015; Sekhar 2007; Pisello et al. 2015) . However, thermodynamic constraints and the building physics would affect the savings from the combined solutions when compared with the individual ones.
The purpose of this study is to develop a methodology for the evaluation of combined retrofitting solutions, in order to be able to assess the impact of overlapping effects or synergistic benefits of different technologies focused on the maximum energy saving potential in comparison to the individual cases.
Considering that a building is complex in terms of its thermodynamics within which there is constantly energy exchange among different zones, systems and even with the outside environment, it would be challenging to take into account all the parameters to develop a theoretical rigour to predict the energy consumption of a building. Hence, EnergyPlus simulation tool is used to evaluate the building performance and the overlapping and synergistic effects when multiple retrofitting scenarios are applied.
Although the utilizability concept is not new, its expression and application in the field of building retrofitting solutions is not defined and studied. The aim of this paper is to develop such an expression for utilizability and explore its application for selecting the most appropriate retrofitting scenarios that would maximize the coverage of heating and cooling demand of existing buildings in a synergistic manner, and thereby, lead to minimising the wastage of energy saving potential of individual scenarios and maximising the cumulative or overall energy saving potential. In this context, the term utilizability is introduced and explained in Section 1. In Section 2, the methodology followed is explained while Section 3 includes the retrofitting solutions' results.
Definition of utilizability
As shown in Figure 1 , the energy savings from the combination of two retrofitting solutions could be smaller than the sum of the energy savings applied to the same building because of the overlapping energy saving effect, shown as the shaded area. The total amount of energy savings would vary with the change of the physical parameters. Figure 2 shows the cooling load savings from two different retrofitting scenarios over one day. Retrofitting scenario 1 shows the replacement of the current clear glass window with a double glazed window while retrofitting scenario 2 is to add wall insulation. While the two scenarios show different patterns and load saving profiles over the day, the contribution may cover the same load profile and this leads to the utilizability concept.
Maximising the utilization of each retrofitting solution, energy saving potential, while also achieving the maximum saving amount, is indeed a tremendous chal- lenge. There is a knowledge gap in this understanding when one attempts at choosing and applying more than one solution. In order to achieve energy efficiency with a more dynamic and comprehensive understanding, especially with the increasing focus on the utilization of different solutions when combined, this study, will explore further on the sensitivity analysis of building physical parameters on the utilizability of retrofitting solution combination.
The term utilizability is defined as: The UF will be less than 1 with the increase of i (number of scenarios to be combined) if overlapping of retrofitting scenarios exist. It will be greater than 1 if synergistic effects exist among different retrofitting scenarios applied.
Methodology

Case study building
In this study, a campus building of the National University of Singapore is used (see Fig. 3 ). It has typical campus building functions consisting of offices, lecture rooms, studios, and research student rooms.
Floor-level air handling units (AHUs) based on a variable air volume (VAV) system design is the air conditioning system concept used and are served by a centralized chilled water system. The building has a typical reinforced concrete construction with more than 40 years age. The facade and the building system were renovated once 15 years ago and now have large retrofitting potential.
The building details are described in Table 1 . The available building energy consumption data for this building consists of 2 parts: Plug load (Including the lighting and equipment) and HVAC load. Energy data for the two parts are obtained for one year, i.e. 2013. Both of them are obtained through the University facility management office which records energy data of all campus buildings at every thirty minute interval. The data is available daily for 365 days but only weekday data are used in this study. Because of the tropical location, heating is not considered in this study.
Analysis of retrofitting scenarios
A previous study (Yang et al. 2016c ) has observed the biggest characteristics and criticism of conventional HVAC systems in the buildings studied, which also demonstrated that the designs of plant and air-side strategies are less optimal for the building function. In order to have a relatively holistic selection of numerous retrofitting solutions, 5 solutions have been selected from operational related strategies and 5 from practical passive strategies in this study as shown in Table 2 .
The above ten energy retrofitting solutions are the most common retrofitting solutions, especially in the tropics. The selection is based on the evaluations of previous 34 individual retrofitting scenarios for two different occupancy level buildings, to achieve high energy saving potential (Yang et al. 2016a) .
The first five measures (rs 1 -rs 5 ) are able to have an improvement on the building envelope or facade. rs 1 and rs 2 consider the window optimization options. In rs 1 , where replacement of the windows takes place, a U-value of 2.3 W/m 2 K is assumed for the new double glazed Chilled water supply temperature 6.7 °C Fig. 3 . Case study building low e window based on the average market glazing property. rs 2 optimize the window performance by adding the solar control film to the exterior. In this study, the proposed solar control film will bring down the U-value of the existing windows from 6.3 W/m 2 K to 3.5 W/m 2 K. rs 3 and rs 4 consider the insulation options of the building façade. Although there are different insulation types and layers in the market, the building physics follow similar principle and thus the impact on energy saving is not expected to have much difference. Hence in this study, the material was defined from open studio material library with the property described in Table 2 . In the application of rs 5 , this solar radiation is balanced by sensible (convection) and latent (evaporative) heat flux from cool roof. However, there is a limitation with the use of the Energy Plus simulation software. It could not take into account the impact of the cool roof on the ambient air temperature, which will in turn have an impact on the indoor solar gain. rs 6 -rs 10 are active solutions to be applied to the building systems. A previous study has shown a high infiltration rate with the building studied (Yang et al. 2016a) , therefore, rs 7 aims to address the infiltration problem by reducing it to half. While it may be achieved through different implementations in the real situation, such as human behavior, regulation or vestibules installation, it is out of the scope of the discussion point of this study.
In rs 9 , high chilled water supply temperature of 9 °C is applied. This is because in the current building chiller plant, the chilled water is designed to be about 6.7 °C. However, this might be inefficient when the load is well below the maximum load. After raised the chilled water temperature to 9 °C, in this case, even when full load occurs, the typical over sizing of airside equipment would typically allow this increase of chilled water temperature. The energy-saving potential by applying high chilled water supply temperature may come from the reduced flow rate for the same capacity, which may lead to less cooling energy but also smaller pipes, pumps and insulation materials. However, during the simulation of this process in this study, the cooling coils may not accurately reflect the actual psychrometric processes and is considered as a limitation of this study. Air-to-air heat exchanger systems have been in the market for decades. The ability for energy saving has been well demonstrated and documented (Deziani et al. 2017) . In rs 10 , the air-to-air heat exchanger systems, using cooling capacity recovered from exhaust air to temper the hot and humid outdoor air coming into the building is applied to help reduce the load and also the size of the air conditioning equipment to maintain the same set point within the spaces. The sensible effectiveness and latent effectiveness defined in this study are according to ARI Standard (ARI 2013) and ASHRAE standard (ASHRAE 2013) and the local weather situation. Therefore, a sensible effectiveness of 0.5 and a latent effectiveness of 0.35 are applied.
Utilizability of combined scenarios
Despite the urgent need for retrofitting as discussed in the first section and different technologies being developed, little research is currently being done for looking at the overlapping or synergistic performance of applying different technologies to a building. Most often, retrofit options are selected and driven by commercial or operational necessity: reducing energy demand, or reducing operational costs. Based on these factors, utilizability can be taken as a good index to evaluate and select the combination of retrofitting scenarios. It firstly gives the idea of the technology overlapping to avoid the wasted effort of a particular technology while achieving the energy saving amount and potential.
After the concept of utilizability is well defined, 44 combination cases as stated in Table 3 , column 2, are explored that include all possible combinations between any 2 out of the selected 10 retrofitting scenarios. While there would be more possible cases by combining any 3 or even more retrofitting scnearios, the 44 cases as a case study would be able to demonstrate the application of the utilizability concept.
While the concept of utilizability can be applied to the combinations of more than 2 scenarios, the objective of this study is to explore the application of this developed expression for utilizability in the field of selecting the retrofitting, and therefore, the study limit the cases study to the exhaustive combinations among any two of the 10 retrofitting scneario. The principle can be extended to other retrofitting solutions and other combination possibilities.
In practice, utilizability would not be the only criterion to choose retrofitting solutions as different solutions have different levels of feasibility, cost, and intrusion, etc. The application of utilizability can be taken as the last few step when shortlisted retrofitting scenarios are selected based on other requirements and thus limited combinations would be tested.
The simulations are done through Energy Plus (U.S. Department of Energy 2011). Outdoor climate data including average outdoor temperature, relative humidity ratio, radiation, wind speed and direction, etc. are downloaded from the National University of Singapore (NUS) weather station located at the Department of Geography of NUS. Although there is Singapore weather files in the Energy Plus weather files library, the real weather data from NUS weather station are used as input into the weather file to have a more realistic input file.
Many studies have identified simulation as a good tool for building studies Ann 2002) , such as its capability to evaluate the system performances when field experiments are infeasible and the investigation of various retrofitting solutions before being implemented. However, the reliability issue of using building energy models for assessing these solutions, especially the cross estimation between different solutions, has been well noticed in previous study (Li et al. 2015) . While all the retrofitting solution are simulated based on the calibrated base case, there is lack of possible and available data to calibrate the model after applied each solutions. This is taken as a limitation for simulation based studies.
The calibration was carried out using data collected from the year of 2013. The model was calibrated with identification model, which is described in detail in Yang et al. (2016d) referring to the metered data from BTU meter of this building and electricity meter of the buildings. With the calibrated model, the base case shows a coefficient of variation root mean square error of 8%.
Results and discussion
Utlizability results for the combined retrofitting solutions
The results of the 44 cases including both savings amount and utilizability are shown in Figure 4 .
The results provide an overview on the selection of retrofitting scenarios. Basically, the higher utilizability with higher savings amount would be preferred. It is interesting to observe that there are three very low value of utilizability: 0.57 for case 37 (Active Chilled Beam with DOAS system combined with replacement chiller with GM gold certified); 0.615 for case 1 (Replace Normal 6 mm clear glass to double glazed low E glass combined with adding solar control film); 0.65 for case 38 (Active Chilled Beam with DOAS system combined with applying high chilled water supply temperature). This means that the two technologies or solutions are working on the same building physics and cover a large part of the same energy saving areas, which lead to an inefficiency of utilization of each technology. This situation is not only peculiar for these three cases, but also for other combinations which may not even be included in the limited 44 cases. Further in detail, as shown in Figure 5 , the marked areas with green have some very interesting points. It includes different combinations of scenarios but with similar utilizability but huge differences on energy savings. So the next step would be to investigate the sensitivity analysis for a few parameters of these scenarios.
Utilizability sensitivity analysis
Among the green areas, cases 2, 3, 6, 7 and 8 are selected for further utilizability sensitivity analysis, as all of them involve retrofitting scenario 1. It would be interesting to see the trend of the impact of parameters from rs 1 (U-value and heat gain coefficient) on the different utilizability value. Specifically, the combinations can be stated as:
-Combination 1: Replace Normal 6 mm clear glass to double glazed low E glass + Reduce infiltration rate by half; -Combination 2: Replace Normal 6 mm clear glass to double glazed low E glass + Change chiller to GM gold certified; -Combination 3: Replace Normal 6 mm clear glass to double glazed low E glass + Apply High Chilled water temperature (9 °C); -Combination 4: Replace Normal 6 mm clear glass to double glazed low E glass + Add roof insulation; -Combination 5. Replace Normal 6 mm clear glass to double glazed low E glass + Add high performance insulation layer to external wall. In combination cases 1-4, 2 parameters are considered separately: U factor of the window; the solar heat gain coefficient of the window; in combination case 5, one additional parameter is considered: insulation layer thickness. In each sensitivity analysis, each parameter is randomly changed to 100 parametric values within the range of +/-20% of the original value. It is well known that the more the number of samples is, the better the samples can represent probability function and real trend. However, too large a number of samples would require more computational time and resources. Here the number of parametric values (100) was chosen so that uncertainty quantification accuracy could be achieved with a reasonable computational time. The details of input variation are shown in Figure 5 . EnergyPlus model of the building studied without any retrofitting solutions is used as the baseline model for comparison. For calculation of utilizability value of each combination cases 1-5, 1500 EnergyPlus IDF files are generated.
Firstly, it is interesting to see the utilizability and energy saving amount for each combination case with the change of each input parameter. Figure 6 represents two graphs for each combination case, as "utilizability vs changing parameter"; "energy saving amount vs changing parameter".
Through these figures, some interesting points can be observed. Firstly, in most cases, the changing trend of utilizability and energy saving amount has a very clear linear relationship, except the cases 6c, 6p, 6r and 6s. When applying the replacement of normal 6 mm clear glass to double glazed low E glass together with adding roof insulation, or together with adding high performance insulation layer to external wall, it is observed that the thermodynamics will influence the utilizability of the two solutions in a relatively polynomial trend. Secondly, with the increase of U value, the changing trend of utilizability is also different; e.g., it increases in combination case 1 while the value of utilizability will decrease in combination case 2.
Finally, the graph between energy conservation and utilizability for all cases are plotted in Figure 7 . As discussed previously, the good solutions are those where increase of the utilizability causes an increase of the energy gains, which is the win-win situation. According to Figure 7 , while in some cases the utilizability decreases with the increase of energy saving, the solutions of "increase U value of SHGC in combination case 5 and combination case 3" are encouraging. While the above cases just demonstrate a methodology to select the variable and combination case when more than 1 retrofitting solution is required to apply to a building, different parameters can be explored with the same methodology. For example, in combination case 5, wall insulation thickness could be investigated with the input samples shown in Figure 8 ; the results shown in Figure 9 demonstrated a win-win situation as well.
Conclusions
This study has developed an expression for utilizability in the retrofitting context of buildings, which simplifies the analysis and selection procedures in the field of applying multiple building retrofitting scenarios. The results from this case study have demonstrated the utilizability methodology and sensitivity analysis with random parameters and their application in building retrofitting solution combination and selection. This greatly facilitates the understanding of selecting different new technologies/solutions in the building systems. For the utilizability analysis, ten retrofitting solutions with 44 different combination cases are investigated. A large variation of utilizability from 0.57 to 0.98 was observed. While most of the cases fell within a small range of utilizability with a large energy savings amount difference, sensitivity analysis is deployed for a further investigation. 2200 EnergyPlus simulations were conducted for a five storey campus building in National University of Singapore. Both utilizability and energy savings amount were taken as sensitivity analysis index and three parameters: window U value, window solar heat gain coefficient and wall insulation thickness. This simulation based sensitivity analysis study confirms that utilizability, in particular, together with energy savings amount, has to be taken into account when applying more than one retrofitting solution. This study reveals that the best scenario is to have a better utilization of each individual retrofitting solution, which means a higher utilizability together with an increased amount of energy savings.
Due to the limitation of EnergyPlus capability on modelling unlimited parameters in all the 44 combination cases, only three parameters were investigated. However, the methodology stated in this study can be applied to any other parameters and combination cases for an economic and energy efficient optimisation of the building retrofitting sector.
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